We recently isolated and characterized a novel member of the winged helix (formerly HNF-3/Forkhead) transcriptional regulatory family, termed Genesis. Genesis was found to be a transcriptional repressor expressed almost exclusively in embryonic stem cells or embryonal carcinoma cells. This expression rapidly declined when these cells were stimulated to differentiate. This expression pattern suggested that Genesis may play a role in cellular differentiation. To explore that possibility in a heterologous system of differentiation, Genesis was stably transduced into the IL-3-dependent myeloid cell line 32D using a retroviral expression vector. 32D cells overexpressing Genesis failed to mature normally when stimulated with G-CSF but continued to proliferate and maintained a primitive phenotype. This finding implicates Genesis in the regulation of development, and also implies that there may be common transcription pathways for many developing tissues.
Introduction
Development is controlled by regulatory genes acting as genetic switches to stimulate cascades of gene expression, producing lineage-and stage-specific phenotypes. Many of these regulatory genes are transcriptional regulators, controlling the expression of genes that define lineage commitment and stage progression (reviewed in Refs 1-3).
Transcriptional regulators sort into families based on the conserved structure in their DNA binding domains (reviewed in . One related transcription factor group that has been strongly implicated in developmental regulation is the winged helix family (reviewed in Ref. 7) . The family has been called winged helix based on its three dimensional structure when bound to DNA. 8 This family was formerly called HNF-3/Forkhead (HFH) after its original members. [9] [10] [11] [12] [13] The winged helix domain of the hepatocyte nuclear factor 3 (HNF-3) proteins mediates binding to specific DNA sequences having the consensus A(A/T)TRTT(G/T)RYTY. 14 Several members of this family are essential for normal Drosophilia development. 7, 12, 15 In addition, members of this family participate in neoplasia. Qin is a retrovirally transduced avian oncogen, 16 and the oncoprotein in human rhabdomyosarcoma is a fusion between pax5 and a winged helix gene. 17, 18 The human leukemia translocation t(X;11) involves a winged helix gene. 19 The winged helix gene whn is mutated in rat and mouse inherited immunodeficiencies. 20, 21 HNF-3 proteins are critical factors in maintaining proper development in in vitro models of differentiation. 22, 23 For example, HNF-3 beta mutant mice cannot form the node or notochord appropriately, producing defects in neurotube and somite organization. 24, 25 These mutants also fail to form tissues arising from the gut endoderm, including liver, lung, pancreas and intestine. Thus, there are several lines of evidence that the winged helix family function as genetic regulators of development.
We previously cloned three members of the winged helix family, H-3, H-8 and 5-3, from hematopoietic cells by PCR amplification using degenerate oligonucleotide primers to extremely conserved regions of the DNA binding domain. 26 One of these, 5-3, was also expressed in an embryonal carcinoma cell line. Using the 5-3 cDNA as a probe under low stringency we isolated several winged helix family members from a PCC4 embryonal carcinoma cDNA library.
One of the new cDNA clones encoded a novel member of the winged helix transcription factor family. Because this gene's expression was restricted to embryonic stem cells and their malignant equivalent, the gene was termed Genesis. 27 Genesis acted as a transcriptional repressor. To test whether Genesis might be involved in regulating cellular development its expression was stably forced in the primitive IL-3-dependent myeloid cell line 32D, where it is not normally expressed. The over-expression of Genesis prevented the appropriate maturation of 32D cells to granulocytes.
Methods and materials
Cell culture 32D clone No. 13 cells were the gift of Dr Alan Friedman of Johns Hopkins University Medical Center, Baltimore, MD, USA. 28, 29 These cells were grown in RPMI 1640 plus 10% heat-inactivated fetal calf serum, antibiotics and 200 ng/ml murine IL-3. 32D cells were induced to differentiate to granulocytes by removing IL-3, washing in media twice, and adding G-CSF to a final concentration of 1 g/ml. Cytospin morphologies were evaluated in a blinded fashion at 7 days after G-CSF addition.
Retroviral transduction of Genesis
The complete 2.2 kb Genesis cDNA was subcloned into the EcoRI site of MSCV2.1 in sense orientation to produce MSCVGen. MSCV2.1 30 uses the Moloney long terminal repeats (LTR) with the stem cell silencer sequences mutated to drive the subcloned sequences, and the phosphoglycerol kinase (PGK) promoter to drive neomycin phosphotransferase (neo). Neo mediates G418 resistance, and allows selection of cells transduced with the retrovirus.
MSCV-Gen was transfected into PA317 packaging cells natants were used to infect 32D cells in the presence of IL-3 and polybrene (8 g/ml). After 48 h G418 was added to a final concentration of 0.5 mg/ml. Cells were selected for 2 weeks in G418, and then single cell clones were isolated using limiting dilution. 32D cells were also infected with LNL6, a closely related retroviral expression vector with neo expressed off the Moloney LTR, and selected in G418, to control for the effects of retroviral infection and G418 selection on differentiation.
Northern analysis
Appropriate expression of Genesis in transduced 32D cells was analyzed using Northern blots. Total RNA was isolated using Triazol reagent according to the manufacturer's instructions (BRL, Gaithersburg, MD, USA). RNA was denatured, size-fractionated by electrophoresis on formaldehyde agarose gels, and capillary blotted to a nylon membrane. Blots were hybridized in 40% formamide, 10% dextran sulfate, 4 × SSPE, 2 × Denhardt's, 0.1% SDS, and 100 g/ml of sheared salmon sperm DNA at 50°C for 24 h. Blots were then washed to a final stringency of 0.1 × SSPE and 0.1% SDS at 65°C, and exposed to autoradiography.
Flow cytometry
One half million 32D-LNL or uncloned 32D-Gen cells were washed in PBS plus 1% human serum albumin (PBS/HSA), and then resuspended in 100 l of PBS/HSA. Saturating amounts (1.5 l) of FITC-conjugated Gr-1 antibody (Pharmingen, San Diego, CA, USA) were added, and the cells were incubated at 4°C in the dark for 30 min. The cells were then washed twice in PBS/HSA, resuspended in PBS/HSA plus 0.5% paraformaldehyde, and stored at 4°C. Labeled cells were analyzed on a Becton Dickinson Facscan (San Jose, CA, USA) for fluorescence at 480 nM as compared to a FITC-conjugated isotype control. Ten thousand events were captured for analysis. The experiment was repeated twice, and results were nearly identical.
Results

Expression analysis
Northern blot analysis of the expression of the transduced 32D cells was performed to assess two variables. First, since Genesis is not normally expressed in 32D cells, [27] [28] [29] Genesis RNA seen on Northern analysis will be from the retroviral expression vector. So, Northern analysis will assess whether Genesis transduction was effective. Second, Northern analysis will provide sizes of the retroviral-driven Genesis transcripts, allowing assessment of whether a rearrangement of the retrovirus occurred. Such rearrangements are rare, but when they do occur, result in aberrant transcript sizes. MSCV2.1 will produce two transcripts, one that ends with the Genesis cDNA polyadenylation signal, and another that continues through the PGK-neo cassette, ending with the neo polyadenylation sequence.
The Northern analysis of the 32D-Gen cells, both the total uncloned population and the single cell clones, along with the 32D-LNL control cells is shown in Figure 1 . As expected, the 32D-LNL cells do not express Genesis, but all of the 32D-Gen cell lines express Genesis transcripts of approximately 3.2 and 4.6 kb based on comparison with the 28S and 18S ribosomal bands. Based on the sequence that would be added by MSCV2.1, the Genesis transcripts are appropriate sizes. In addition, these data show that Genesis is highly expressed in the transduced 32D cells.
Growth curves
32D cells with and without transduction of Genesis failed to grow when removed from IL-3 (data not shown). Thus, Genesis over-expression did not produce cytokine independence.
However, when the 32D-Gen cells were removed from IL-3 and placed in G-CSF to stimulate differentiation, they continued to proliferate rapidly ( Figure 2 ). The 32D-Gen single cell clones proliferated more rapidly than the total uncloned population of 32D-Gen cells. As expected, the 32D-LNL cells remained viable in G-CSF, and grew slightly, but failed to proliferate to a comparable extent as the 32D-Gen cell lines.
The 32D-Gen total population proliferated at a 2.5-fold higher rate than the 32D-LNL cells after 7 days in G-CSF. However, single cell clones of the 32D-Gen cells proliferated at up to a 13-fold higher rate than the 32D-LNL control cells. The 32D/Gen-Cl No. 6B and 6C were especially resistant to the growth inhibitory effects of the G-CSF differentiation signal.
Figure 1
Northern analysis of the expression of Genesis in the transduced 32D cells. Genesis is not normally expressed outside of primitive pluripotent embryonic cells. The MSCV2.1 retroviral expression vector produces two Genesis transcripts off its mutated LTR promoter due to alternative splicing. Both transcripts will encode full length Genesis protein. A third transcript, neo alone, not seen on this Northern analysis will also be produced. The two transcripts seen here are of appropriate size, indicating that no rearrangements occurred. Arrows indicate the location of the 18S/28S rRNA.
Figure 2
Growth curves of 32D cells transduced with Genesis after G-CSF treatment. 32D-Gen indicates the total population of 32D cells transduced with MSCV2.1 containing the complete Genesis cDNA in the sense orientation. The 32D-Gen cells were cloned, and different clones have different growth characteristics. However, 32D-Gen cells all proliferate to a much greater extent when placed in the differentiating agent G-CSF than control 32D cells. The control 32D cells were infected with LNL6, a retroviral vector related MSCV2.1, and selected in G418, to control for the effects of infection and selection. These cells behaved identically to unmodified 32D cells when removed from IL-3, and placed in G-CSF. They proliferated slowly, and differentiated to granulocytes. 32D-Gen cells did not become IL-3 independent. They underwent apoptosis at the same rate as 32D-LNL cells when removed from IL-3.
Morphologic differentiation
32D cells with and without Genesis transduction were exposed to G-CSF for 7 days in the absence of IL-3 and then cytospin morphologies were obtained. Wright-Giemsa stains of the 32D and 32D-LNL control cells and four of the 32D-Gen cell lines are shown in Figure 3 . While the 32D and 32D-LNL cells all had morphologic evidence of appropriate maturation to granulocytes, none of the 32D-Gen cell lines had significant granulocytic differentiation. Interestingly, some of the 32D-Gen cloned cell lines had bizarre morphology that was at variance with the 32D control cells and even the 32D-Gen total population. An example of this is Clone 3C, where the cells were significantly smaller with round pyknotic nuclei (Figure 3 ). This variant morphology could not be correlated with an extreme of growth. Its growth characteristics were identical to the 32D-Gen parent population. Clones No. 6B and C had the fastest growth in G-CSF, yet their morphology was very similar to the 32D-Gen parent population.
When stages of myeloid differentiation were counted in a blinded fashion, the 32D-Gen cell lines had a significantly higher percentage in the primitive stages of myeloid maturation (Table 1) .
Flow cytometry
Gr-1 surface antigen expression is correlated with murine myeloid differentiation. 32 High levels of Gr-1 are induced during the maturation of granulocytes, such as is seen when 32D cells are treated with G-CSF in the absence of IL-3. This was used to analyze the difference in maturation seen between the 32D-LNL and 32D-Gen cells. After 7 days out of IL-3 and in G-CSF 32D-LNL and 32D-Gen cells were analyzed by flow cytometry for the expression of Gr-1, 32D-LNL cells has 8.5-fold more Gr-1 on their surface than did 32D-Gen cells, based on peak fluorescence channel (Figure 4 , 85 for 32D-LNL and 10 for 32d-Gen). 32D-LNL had an average of 61.2% of its total population while 32D-Gen cells had 28.8% positive as compared to an isotype control. Thus, the induction of Gr-1 on the surface of differentiating 32D cells is markedly inhibited by the forced over-expression of Genesis.
Discussion
When 32D cells are removed from IL-3 and exposed to G-CSF they differentiate to mature granulocytes. 28, 29 In this study we found that over-expression of Genesis inhibited the appropriate myeloid differentiation of 32D cells when they are treated with G-CSF. However, Genesis over-expression did not produce IL-3-independence. The only effect Genesis had in this developmental model was to disrupt normal myeloid differentiation. It did not function as an oncogene by stimulating cytokine independence.
The block to normal granulocytic maturation in 32D-Gen cells was not absolute. Based on morphologic counts (Table 1) there were occasional maturing cells in almost all of the clones. However, the majority of cells maintained an immature morphology, and continued to proliferate indefinitely in G-CSF. Some of the clones developed bizarre morphology, with very high N/C ratios, and small size. However, this morphology did not correlate with any growth behavior (Figure 2 ). Although the clones had differing growth rates, all proliferated through the G-CSF maturation signal, indicating that this characteristic was consistent between the total population and the clones.
32D-Gen cells failed to respond to the maturation signal of G-CSF but were able to proliferate in the presence of G-CSF. These cells still required a cytokine proliferative signal as they failed to grow when IL-3 was removed and no cytokine was added. Therefore, the finding that the 32D-Gen cells still proliferated in the presence of G-CSF indicates that the differentiation and proliferative signals of G-CSF have distinct pathways. Since Genesis is a transcriptional repressor, it is possible that this divergence occurs at the nuclear level, where Genesis may be inhibiting the activation of a set of genes essential for normal myeloid differentiation, but not the genes important in proliferation.
Genesis is mainly expressed in primitive embryonic cells or their malignant equivalent. It is not normally expressed in 32D cells (Figure 1 ). These data showing that Genesis inhibits normal 32D granulocytic differentiation imply that there might be common genetic cascades between 32D and embryonic cells that can be regulated by Genesis. Some patterns of gene expression that are fundamental for differentiation may be common among many developmental lineages, and genes regulating one pattern in a given developmental lineage may have the capability to recognize others in a heterologous lineage.
Another possibility is that there is a transcriptional repressor that binds to similar regulatory DNA sequences as Genesis 27 that is down-regulated during 32D differentiation. When Genesis is over-expressed, it redundantly binds and represses through those sequences. Thus, Genesis could be replacing a genetic regulatory function that should be normally extinguished when myeloid cells mature.
Figure 3
Photomicrographs of the morphology of Wright-Giemsa-stained 32D-LNL and 32D-Gen cell lines 7 days after removal of IL-3 and addition of G-CSF. Both the 32D and 32D-LNL cells differentiated to granulocytes when placed in G-CSF. However, none of the 32D-Gen cell lines matured normally to granulocytes. Note the bizarre morphology of clone No. 3. Table 1 Stage of myeloid development of 32D-LNL and 32D-Gen cell lines after 7 days of exposure to G-CSF alone % Blast % Pro % Myelo % Meta % Band % Gran L N L  0  4  4  2 0  3 5  3 7  Gen  35  17  27  15  6  0  3 C  8 0  8  4  2  4  2  5C  65  22  11  2  0  0  6B  70  28  2  0  0  0  6C  50  12  22  6  6  4 The 32D-Gen cell lines all have a significantly greater proportion of their cells in primitive myeloid stages. Note that the 32D-Gen clones all tended to be more immature than the total 32D-Gen population.
Figure 4
Flow cytometric evaluation of the granulocytic maturation of 32D-Gen and 32D-LNL cells when placed in the differentiating G-CSF. Uncloned 32D-Gen and 32D-LNL cells were exposed to G-CSF for 7 days, and then analyzed for the expression of Gr-1, In either case, this study shows that Genesis is a potential regulator of development, most likely at the transcriptional level, by govering patterns of gene expression. An interesting question for the future is what are the target genes acted on by Genesis in repressing 32D maturation, and how do they compare with Genesis targets in primitive embryonic cells.
